Introduction
Nanofabrication is the process of making functional structures with patterns having minimum dimensions of approximately <100 nm. Methods used to fabricate nanoscale structures and nanostructured materials are labeled as 'top-down' and 'bottom-up'. Photolithography and scanning beam lithography for the creation of patterns in the micrometer and nanometer range are so called top-down approaches, in which the structure is imposed on the substrate by a mask or by direct writing. When the surface is structured by self-assembly of small building blocks such as copolymers, vesicles, micelles, or particles, the 'bottom-up' term is generally used [1] . Similarly, direct 'oneto-one' manipulation of atoms, molecules and nanoscale molecular objects is also referred to as 'bottom-up' assembly.
The top-down techniques including photolithography [2, 3] and scanning beam lithography [4] are known as conventional lithography. These techniques have relatively high cost and/or expose substrates to high energy radiation and relatively high temperatures. Alternative techniques have emerged to pattern relatively fragile materials, such as organic materials other than photoresists. These techniques are often employed in research and allow fast prototyping of nanostructures. Unconventional nanofabrication techniques explored are molding [5] , embossing [6, 7] , printing [8, 9] , scanning probe lithography [10] [11] [12] , edge lithography [13] [14] [15] [16] , and self-assembly [17, 18] . The first three techniques are top-down approaches whereas scanning probe lithography, edge lithography and selfassembly bridge 'top-down' and 'bottom up' strategies for nanofabrication, Critical issues such as resolution, reliability, speed, and overlay accuracy need to be considered in developing new lithography techniques. Unconventional nanofabrication techniques offer alternatives to photolithography and create opportunities for fabrication on nonplanar surfaces and over large areas. Moreover, they have the potential to be low-cost for manufacturing and they are easier to operate and are applicable to biological materials.
In both approaches, polymers play an important role owing to their lengthscale, their processability, low cost, tunable properties, diverse functionalities and (if block copolymers are used) microphase separation. These features make polymers versatile materials for nanoscale UV lithography [19] and imprint lithography [20] as examples of existing top-down techniques where these materials are utilized either as a resist layer or as a substrate. Polymers have been widely used in patterning of surfaces by topdown ''soft lithography'', which, according to Nuzzo et al., refers to a group of techniques using ''elastomeric stamps, molds, and conformable photomasks'' for pattern replication [21, 9] . Regarding the use of polymers in top-down techniques, each specific technique has its own merits, challenges and limitations.
This review surveys lithography techniques and materials, in particular polymers used in these lithographic techniques. Herein, the first part focuses on the conventional lithography techniques used to fabricate complex microand nano-structured surfaces. In the second part, the focus lies on patterning with unconventional lithographic methods such as printing, molding, and embossing to fabricate nanostructures which are central to the development of a number of existing and emerging technologies.
Conventional lithography
Conventional techniques for nanofabrication are commercially available and widely implemented in manufacturing. These conventional approaches have their limitations such as high cost and the difficulty in accessing the facilities to use them. There are two dominant methods for conventional lithography: photolithography and particle beam lithography such as electron beam lithography and ion beam lithography.
Photolithography
Photolithographic methods all share the same operational principle: exposure of an appropriate material to electromagnetic radiation to modify the solubility of the material as a result of chemical changes in its molecular structure, followed by developing of the material (Fig. 1a) . The exposed photoresist is immersed in solvents that dissolve the exposed (positive photoresist) or unexposed (negative photoresist) regions to provide access to the surface of the substrate. Pattern transfer is achieved by an etching process [22] .
Most efforts in lithography have been directed at shrinking the lateral dimensions of the features, and different resolution enhancement approaches (projection and immersion optics, phase-shifting masks) have been developed [3, 23] . In current semiconductor nanofabrication, photolithography can pattern 37 nm-wide features with 193-nm wavelength [24] . In order to extend the resolution capabilities of 193-nm, the semiconductor industry found another potential route to scale the effective wavelength via immersion lithography. In immersion lithography, imaging resolution is improved by increasing the refractive index of the medium between the imaging lens and the imaging plane [1, 25] . The use of a coupling medium with a refractive index greater than that of air between the last lens element and the photoresist provides an increase in the depth of focus and also allows lenses with larger capture angles to be used in the imaging system. This adaptation of this technology into high volume manufacturing was achieved by solving the technical problems such as the impact of water on photoresist materials or fabrication of complex lenses. For example, high-index immersion lithography employing a lutetium aluminum garnet high-index last lens element and alicyclic hydrocarbon high-index immersion fluids was shown to be capable of sub-30 nm half-pitch imaging [25] .
Recently, photolithographic approaches have been extended to generate more complex structures including high aspect ratio, tilted, suspended, or curved geometries ( Fig. 1) [26] . In conventional lithography, the mask and resist film are perpendicularly aligned with respect to the irradiation source. By tilting the mask and resist film with respect to the beam using a tilting stage, inclined structures can be fabricated (Fig. 1c) . Han et al. showed the generation of bridges, embedded channels, and V-grooves with aspect ratios >4 using SU-8 (epoxy-based negative photoresist) and a conventional UV mask aligner (Fig. 2a ) [27] . More complex 3D structures can be fabricated with three or four times inclined UV exposures along different axes (Fig. 1d) [28, 29] . Inclined micro-pillars with an aspect ratio of 20 ( Fig. 2b) were fabricated using a two-axes exposure method with four backside exposures but the multiexposure process can generate heavy UV dose domains which could cause distortions. Tapered structures with nonvertical sidewalls can be also obtained if the photomask and substrate with photoresist are tilted and rotated simultaneously during irradiation as shown in Fig. 1d and the SEM image in Fig. 2c [27] .
Serial writing with charged particles
Serial writing with electrons or ions is a lithographic technique with low throughput, high cost and only suited for small area fabrication. These techniques provide, however, flexibility in feature design making them attractive in academic research.
Electron beam lithography
In typical e-beam lithography, a beam of electrons is used to expose an electron sensitive resist. The electrons generate secondary electrons with relatively low energy to form free radicals and radical cations, which interact with the surface of a layer of resist, such as poly(methyl methacrylate) (PMMA). Interaction of the electron beam with the resist causes local changes in its solubility, and in the case of PMMA, the electrons will locally induce chain scissions that makes the polymer soluble in a developer. PMMA was one of the first polymers recognized to exhibit sensitivity to electron beam radiation and is nowadays the most frequently used polymer in e-beam lithography [26] . ZEP (Nippon Zeon Co.) which consists of a copolymer of a-chloromethacrylate and a-methylstyrene is a relative newcomer to e-beam lithography [30] , and shows better etch resistance compared to PMMA [31] .
Even though electron wavelengths on the order of 1 Å can be achieved, the resolution is limited because of the electron scattering of primary and secondary electrons in the resist. Nevertheless, patterns with features as small as $50 nm can be generated by this technique [32] .
E-beam lithography is impractical for mass production because of long writing times. Therefore, it is mainly used to produce photomasks in optical lithography or to produce small numbers of nanostructures for research purposes. It is also used in the areas where optical lithography fails such as for the fabrication of high frequency GaAs field-effect transistor (FET) devices that require a resolution down to $100 nm [33] .
Ion beam lithography
This method includes a variation of the electron beam lithography technique, using a focused ion beam (FIB) instead of an electron beam. High energy ions, such as Ga + , H + , or He + are able to penetrate a resist material with well defined paths. The penetration depth depends on the ion energy. Ion-electron interactions do not result in significant deviation of the trajectory of the ion from the straight line path. Therefore high aspect ratio structures with vertical side walls can be fabricated. Similar to e-beam writing, the low energy secondary electrons initiate chemical reactions [26] . The utilization of a focused mega-electron-volt (MeV) proton beam to write accurate high-aspect-ratio walls of 30 nm width with sub-3 nm edge smoothness has been reported [34] . Typically, a MeV proton beam is focused to a sub-100 nm spot size and scanned over a suitable resist material. When the proton beam interacts with matter it follows an almost straight path. The secondary electrons induced by the primary proton beam have low energy and therefore limited range, resulting in minimal proximity effects. These features enable smooth threedimensional structures to be directly written into resist materials. The technique is named p-beam writing [34] .
Alternative lithographies
Photolithography has circumvented many limitations during its development and is widely used to fabricate nanostructures [35, 36] . However, the limitations based on the physics of diffraction and interactions of high energy photons are hard to overcome. This technique cannot easily be performed on polymeric or curved substrates and cannot pattern large areas with high resolution in a single step. It also has the disadvantage of high capital and operational cost. Hence in order to accomplish smaller features at a lower cost, new patterning techniques are being explored and developed. Some of the oldest and conceptually simplest forms of plastics macroscale processing (embossing, molding, stamping, or printing) are now being reexamined for their potential adaptation to nanofabrication. In the molding technique, the surface relief of a hard stamp or mold is transferred into a soft material. Several methods have been developed in the past decade to obtain microand nano-structured polymer surfaces using molding or related strategies. Some of them are (i) temperature-based processing (hot embossing or nanoimprint lithography (NIL) and thermal injection molding of thermoplastic polymers), (ii) light-initiated polymerization (UV-NIL and step-and-flash NIL), (iii) soft lithography, (iv) solventbased processing, and (v) nanosphere lithography. Fig. 3 gives an overview of the processing steps involved.
Mold fabrication
Mold fabrication is the most time-and cost-consuming step and one of the largest limitations in industrial application [37] . For this reason, a master is fabricated and copies of the master in other hard materials are preferentially used as molds for imprinting. High resolution 3D stamps are fabricated by e-beam lithography and dry etching, while shallow stamps can be obtained by e-beam lithography and metal lift-off [38] . A widespread choice of stamp material is Si with an oxide layer on top [20, 39] . Masters of Si are fabricated by reactive ion etching techniques [40] or deposition of nickel and other metals on patterned resist substrates. Small features with sub-20 nm dimensions have been achieved by electron beam lithography and lift off [41] . An optimized double-layer resist system allowed the formation of a Cr etching mask with feature sizes of 15-20 nm in diameter. However, the metal roughness was found to be a problem for sizes below 10 nm due to the granularity of the evaporated metal [42] . Selecting the mold material should be carefully done and issues such as hardness, compatibility with other microfabrication processing methods and thermal expansion coefficients must be considered. Diamond [43] and lithium [44] have been investigated as potential mold materials for NIL by some groups. Taniguchi et al. used a spin-on-glass (SOG) material, which is almost the same as quartz in composition, as a material for hard stamps [45] . The SOG acted as a positive-tone electron beam resist and nanopatterns were fabricated by using e-beam lithography (EBL). The obtained pattern was directly usable as a nanoimprint mold without the risk of etching.
EBL has been established as a useful method for production of masters but so far lacks the commercial viability due to the high cost related to the exposure procedure. Etching of poly(tetrafluoroethylene) (PTFE) using synchrotron radiation also proved to be a feasible method for the 3D fabrication of masters [46] . Owing to its thermostability, resistance to chemicals and its very low adhesion, PTFE may be one of the most suitable materials for molding polymers, even though PTFE is notoriously difficult to process. Using synchrotron radiation, however, processing of 1000 lm height structures takes about 10 min, much shorter than achieved by X-ray lithography. Due to the directional emission of synchrotron radiation, high aspect ratio structures can be easily created.
In order to facilitate mold release, antisticking surface coatings are being used. These layers lower the surface tension of the mold surface and reduce adhesion. Different strategies can be employed: (i) use of fluoropolymer films deposited (noncovalently bonded) on the stamps with the help of a plasma treatment; (ii) treatment of silicon masters with perfluorosilanes, e.g. 1H,1H,2H,2H-perfluorode- cyltrichlorosilane [47] ; and (iii) treatment of Ni or alumina stamps with fluorinated alkyl phosphoric acid derivatives [48] . Alternatively, molds made of fluoropolymers, such as PTFE, can be used. These molds are fabricated by casting a fluoropolymer solution on the master followed by drying, or imprinting the fluoropolymer melt.
One of the many advantages of molding is that it does not use light energy beams, and therefore, its resolution is not limited by the effects of wave diffraction, scattering, or back scattering from the substrate [36] . The same mold can be used several times to fabricate nanostructures which makes it a low cost technique. The availability of a suitable mold and the possibility of removing the molded material from it without damage are the prerequisites for molding.
Nanoimprint lithography
The principle of nanoimprint lithography [7, 20, 39] (hot embossing) and thermal injection is that a hard mold containing nanoscale features on its surface is used to deform a thermoplastic polymer deposited on the wafer substrate under controlled temperature and pressure (Fig. 3b) [49] . Increase of the temperature of the polymer reduces the viscosity of the material so that pressure application causes the polymer melt to flow into the cavities of the mold. The subsequent cooling of the system freezes the pattern on the target surface, thus providing a negative copy of the master.
Injection molding and hot embossing differ in their applications and process conditions. In injection molding, a polymer melt is injected at high pressure into a cavity where it cools and hardens (Fig. 3a) . In NIL, polymer sheets are compressed between the plates of an embossing press against the mold. Since imprint lithography makes a replica of surface patterns, the resist materials used in imprinting should be deformable under the applied pressure [20, 50] . In NIL, typically a thermoplastic material is used as the imprinting resist and a suitable imprint temperature is chosen which is above the glass transition temperature of the material. It has been shown that an optimal imprinting temperature is 70-80°C above the T g of the material used [51] , to insure the polymer has a sufficiently reduced viscosity so that imprinting can be performed at a reasonable pressure. Raising the temperature above the T g of the polymer causes a significant drop in both Young's modulus and the viscosity. The viscosity of a polymer material not only depends on the temperature, but also strongly on the polymer molar mass. In practice, lowmolecular weight polymers can be imprinted at lower temperatures, lower pressures, or within shorter times [52] . A high imprint pressure is needed for resist viscosities of 1000 Pa s and more to provide conformal contact between substrate and stamp over large areas. A thin polymer layer can be chosen where cavities are only partially filled, and thick layers can be used for the integration of lenses and microfluidic channels [53] [54] [55] . A good choice of process parameters such as height, pressure, thickness and temperature is always required to imprint polymers.
NIL can be used to mold a variety of polymeric materials and pattern features as small as $5 nm [56] and aspect ratios of up to $20 nm [57] . Arrays of 10 nm diameter and 40 nm period holes in PMMA on either silicon or gold substrates, and 6 nm diameter and 65 nm period holes in PMMA on silicon substrates have been fabricated by NIL (Fig. 4a) [56] . NIL was used together with optical lithography to fabricate silicon quantum dot wires, which showed the same behavior as those fabricated using conventional electron-beam lithography. In addition, nanoimprint lithography was used to fabricate nanocompact disks with 10 nm features and 400 Gbits/in 2 data density-nearly three orders of magnitude higher than current CDs ( Fig. 4b ) [56] . Materials that have been patterned succesfully include biomolecules [58] , block copolymers [59] [75] . (e) SEM image of an imprinted three-layer nanostructure, using three different polymers [75] .
Reproduced with permission from [56, 75] . Copyright Ó 1997, 2002 American Vacuum Society.
and conducting polymers [60] . This process has been extended to pattern components for a range of microelectronics, optical, and optoelectronic devices [61] . The fabrication of 60-nm channel metal-oxide-semiconductor field-effect transistors on whole 4-in wafers using NIL was presented. The nanotransistors exhibited excellent operational characteristics across the wafer [62] . The availability of polymers such as PMMA and polystyrene (PS) with a range of molar masses M w and different polydispersities is an advantage for thermal NIL, and rheological characterization of the thermoplastic materials is available [63] . These materials are, however, not fully optimized for the special requirements of the NIL process. One of the most important requirements of the polymers used for NIL is that they should provide excellent mold releasing properties during the demolding process. Commercially available polymers can hardly satisfy this requirement. During imprinting of high aspect ratio patterns, the imprinted polymer tends to adhere to the mold, creating pattern defects even if the mold surface is treated with an antisticking layer.
Methacrylate based polymers and copolymers containing aromatic components were synthesized as alternatives to PMMA and they are commercially available with T g values of 60 and 115°C, respectively (mr-I 7000 and mr-I 8000 of micro resist technology GmbH). Thermally curing polymers based on allyl ester prepolymers, which are all superior to PMMA in terms of etch resistivity, have been developed for NIL [64, 65] .
A higher dry etching resistance is desirable if the imprinted polymer pattern is to be used as a mask for further pattern transfer. Adding a Si-containing material can also address this problem [66] . A number of siloxane copolymers have been investigated for use as NIL resists, including poly(dimethylsiloxane)-block-polystyrene (PDMS-b-PS), poly(dimethylsiloxane)-graft-poly (methyl acrylate)-co-poly(isobornyl acrylate) (PDMSg-PMA-co-PIA), and PDMS-g-PMMA [67] . One of the biggest advantages of using siloxane polymers as an NIL resist is that they can offer much improved etching resistance when exposed to oxygen plasma since the products of chemical etching with oxygen plasmas are non-volatile and do not desorb from the surface [68] .
The application of poly(ferrocenylsilane)s (PFS) as a new type of imprint resist has recently been reported [69] . Poly(ferrocenylsilane) (PFS) [70, 71] containing iron and silicon atoms in the main chain, is a class of organometallic polymers, which are converted to oxides upon exposure to oxygen plasmas [68] . Stable, homogeneous high molar mass poly(ferrocenylmethylphenylsilane) (PFMPS) films obtained by spin coating were imprinted and the resulting patterns were further transferred into the substrate by a reactive ion etching process. It was shown that PFMPS, because of its excellent etch contrast vs silicon, can be used as a single step resist since there is no need for metal lift-off.
Nanoimprint lithography has made great progress in a relatively short time but there are still some challenges related to this technique, one of which is the lifetime of the mold. Nanoimprint molds have to be replaced after $50 consecutive imprints. High pressures and heating and cooling cycles cause stress and wear on the nanoimprint mold. Room temperature nanoimprint lithography [72] has been developed to overcome this problem. Spin-on-glass [73] or hydrogen silsesquioxane [74] have been used as resist materials in room temperature nanoimprint lithography. Some different approaches have also been developed targeting the problems mentioned above. One of the approaches is reverse nanoimprint lithography [66] which employs a polymer film spin-coated onto the mold rather than on the substrate. The produced film can be transferred from the mold to the substrate by NIL (Fig. 4c) . This technique was performed by using PMMA and Fig. 4c shows imprinted PMMA patterns with 350 nm line spacing. This technique can also be used to transfer patterns onto substrates that are not suitable for spin-coating or have surface topographies, which has been a long-standing problem in imprint-based lithography [75] . Multilayer resist approaches with a thick planarization layer on top of the non-flat substrate have been used to solve this problem but these approaches require complex processes with multiple steps and need deep etching through the thick planarization layer [76] . Reverse imprinting has solved this problem very efficiently. Fig. 4d shows polycarbonate grating structures reverse imprinted over etched features on a Si substrate which could have potential application in chemical and biological analysis [75] . This technique also offers the fabrication of three-dimensional structures by a layer-by-layer approach. Fig. 4e demonstrates an imprinted three-layer nanostructure, using three different polymers. The imprinting results depend on several parameters such as T g of the polymers, film thickness, width and height of the features on the substrate, and mechanical properties of the polymers [75] .
A high viscosity of the polymer film presents another challenge for nanofabrication using NIL. An optimal pattern size and feature density should be provided for NIL [77] . Embossing micrometer-scale features can be more challenging than nano-scale features since filling large areas within the mold requires more lateral displacement of the polymer than smaller features and thus the processing time increases. The flow phenomena have been investigated by use of specific test patterns, for example negative and positive stamps or stamps with different pattern sizes. During imprinting, the resist is displaced by squeeze flow and capillary forces [78] . The thickness of the residual layer can also vary across the imprinted region depending on the pattern density or layout of the patterns. Residual layer non-uniformities present a challenge for transferring the pattern uniformly into the underlying substrate [1] .
Combination of NIL with other patterning techniques allows the fabrication of 3D structures [79] . It has been shown that performing a step of imprinting into a PMMA film and utilizing that prepatterned polymer layer as a resist for X-ray lithography provides a flexible method to fabricate a wide class of complex small-scale 3D structures (Fig. 5) .
NIL has also been combined with photolithography to replicate structures in negative tone resists by introducing a hybrid mask concept which is made of UV transparent material and acts both as a NIL mold and as a photolithog-raphy mask [66] . A further improvement has been made by placing a metal layer on top of the mold so that exposure of the resist layer underneath could be prevented while unexposed residual layer could be removed easily in a developer solution. This can eliminate the residual layer removal step in NIL completely and could simultaneously solve the problem associated with the non-uniformity of the residual layer.
Ultraviolet-assisted nanoimprint lithography (UV-NIL)
UV-NIL [80] makes use of UV-curable polymeric materials for imprinting. In this technique, the mold (made of quartz, indium tin oxide or hydrogen silsesquioxane) [81] [82] [83] is pressed into the UV-curable solution at room temperature after which the solution is photopolymerized by UV-irradiation (Fig. 3c) . Due to the low viscosity of the resist, only low pressure is needed to press the mold into the resist. After the detachment of the mold, a replica of the mold's topography remains in the resist layer.
There are some advantages of UV-NIL over thermal NIL: (i) UV curing is rapid, therefore, high-throughput can be achieved; (ii) it can be performed at room temperature and low pressure; (iii) the low viscosity of the polymeric precursors facilitates filling of high aspect ratio cavities; (iv) since thermal cycling is not required in UV-NIL, accurate shape transfer can be obtained. In both cases, a thin residual layer remains, which is typically thinner than found for conventional lithography.
Acrylates are most often used in UV-NIL formulations, because of their commercial availability, low viscosity, and rapid photopolymerization via radical propagation [26] . However, the application of acrylates requires an inert atmosphere since oxygen is a strong radical inhibitor for this process. Vinyl ethers have been proposed to replace acrylates since their polymerization proceeds via a cationic mechanism which is insensitive to oxygen [84] . The limitation of vinyl ether formulations is that they adhere to the substrate more strongly so that double force is required for mold release. This is overcome by the higher tensile strength of vinyl formulations. Fig. 6 shows some UV-curable resists used for imprinting.
Shrinkage is an important parameter to be optimized to avoid rupture of the embossed structures during demolding. During UV curing, acrylic and methacrylic monomers undergo a volume contraction by 3-15% and this facilitates demolding. However, the shrinkage makes pattern design and control difficult. In order to obtain high aspect ratio structures the UV irradiation should be controlled. Excessive UV curing causes excessive shrinkage and brittleness of the resist which also results in cracking and breaking during demolding. Insufficient UV curing leads to low cohesive strength of the polymer and causes distortion and collapse of the structures [85] . Profound analyses of factors such as UV polymerization time, vertical walls and surface energy of the mold, surface roughness, and resin transparency affecting replication and demolding during UV-NIL have been reported [85, 86] .
Jung et al. have developed a UV-NIL process to fabricate 34 Â 34 crossbar circuits with a half-pitch of 50 nm [87] . In this process, a new resist formulation including benzyl methacrylate monomer and irgacure (photoinitiator) was used to overcome the shrinkage problem during curing and to minimize the residual layer thickness. The problem of trapped air during contact with the mold was solved by changing the surface energy of the substrate.
Step-and-flash imprint lithography (SFIL) [88, 89] , a UV-NIL variant, uses a photocurable prepolymer solution as a material to replicate the topography of a mold. In SFIL, a low viscosity, photocurable liquid or solution is not spincoated but dispensed in the form of small droplets onto the substrate to fill the voids of the quartz mold. The solution contains a low-molar mass monomer and a photoinitiator. Exposing this solution to UV light cures the photopolymer to make a solidified replica while in contact with the mold. Removing the mold leaves the inverse replica on the substrate. Because of the ability to pattern at room temperature and at low pressure, the template can be stepped to pattern the whole wafer area as in a stepper lithography tool. Examples of imprinted features by SFIL are shown in Fig. 7a-d [90, 91] .
SFIL avoids incomplete mold filling by using monomeric fluids with a low viscosity. However, complete displacement of the fluid by the mold is prevented by hydrodynamic forces resulting in a residual layer of cured material between patterned features [1, 91] . The substrate and the mold should be parallel and flat enough to obtain a uniform residual layer over the entire imprinted area. The residual layer can be removed via etching.
Fluid dynamics is an important issue in the SFIL process [93] . There are several parameters that govern fluid flow of the liquid monomer between the substrate and the template. Parameters governing the fluid flow include the number of initial monomer drops and the relative volume of drops dispensed, flow front arrest at edges of high aspect ratio features and template edges, air entrapment during feature filling, template velocity and force used for imprint, and imprint time.
Pattern density is not a problem for this technique in contrast to thermal NIL [78, 94] . The imprint quality for thermal NIL is limited by the differences in pattern size which is not the case for SFIL since a low viscosity fluid is used. However, shrinkage as a result of polymerization must be controlled since this could affect the size, shape and the placement of the replicated structures.
By using an SFIL multilayer method, PMMA lines of 60 nm with an aspect ratio of 6 and 80 nm lines with an aspect ratio of 14 were reported in early publications [36] . Multilayer device fabrication is possible since distortions caused by differential thermal expansion are not an issue. This process can pattern dielectric gates for the fabrication of a metal oxide semiconducter field-effect transistor (MOSFET) and is also being developed to pattern curved surfaces and topographies in a single step. The fabrication of contact holes of 80 nm was demonstrated which is a significant advance in high density semiconducter devices [91] .
A bi-layer SFIL process which uses two different materials with two different etch selectivities has been performed to pattern PFS. After patterning of the UV-curable resist, PFS was spin-coated onto the imprinted structures to form bilayer structures and subsequent treatment with argon and oxygen plasma provides patterns of PFS with good reproducibility because of the high etch contrast between the two polymers. The technique allows the possibility of creating etch-resistant patterns of PFS with sizes down to the nanometer range [95] .
The ultimate resolution of replication by SFIL is unknown but it has been limited by the size of the structures created on the template. Different methods have been employed to fabricate templates, one of which is the use of EBL which requires several processing steps: application of resist onto a fused silica substrate, electron beam exposure, resist development, oxygen plasma etching, chrome etching, resist stripping and fused silica dry etching [82, 88] . In another process, a conductive and transparent layer of indium tin oxide on the glass substrate was incorporated to suppress charging during SEM inspection, and the UV characteristics of the final template were affected minimally which resulted in features as small as 30 nm [91]. In another template fabrication process, to eliminate the etching process, a film of hydrogen silsesquioxane (HSQ) was spin-coated on the ITO layer and then directly written with e-beam lithography. The use of HSQ for direct patterning of SFIL template structures is very convenient since it becomes a durable oxide in its cured state [83] . The use of FIB writing as an alternative process to EBL has been demonstrated for the fabrication of 3D structures for SFIL templates which reduces the number of aforementioned lithography steps [92] . As an example, Fig. 7e shows a fabricated array of concave Motheye lenses employing FIB and then replicated through SFIL imprinting.
Soft lithography
Soft lithography refers to a collection of pattern replication methods that rely on an elastomeric mold [8] . The process can be separated into two parts: fabrication of elastomeric elements by casting and thermal curing of a liquid prepolymer on a master and the use of these elements as a mold or stamp in a subsequent patterning process (Fig. 3d) . A number of polymers can be used for molding. Elastomers such as poly(dimethylsiloxane) or PDMS (for example, Sylgard 184, Dow Corning) are a versatile class of polymers for replication of the master [21] . PDMS has a number of useful properties for nanofabrication as it is durable, inert to most of the materials being patterned or molded and chemically resistant to many solvents. Despite the advantages of PDMS, the material also suffers from high compressibility which causes shallow relief features of a stamp to deform, buckle, or collapse. In addition, these relief structures tend to deform upon release from the master because of surface tension [96] [97] [98] [99] . Other elastomers such as polyurethane [8] , polyimide [8] , and crosslinked Novolac resins [100] were reported to be useful as pattern transfer elements. Block copolymer thermoplastic elastomers [101] and polyolefin stamps [102] were investigated and showed superior performance compared to conventional PDMS stamps. A new class of fluoropolymers, perfluoropolyethers (PFPE) [103] , was also developed as an alternative to PDMS owing to its excellent release properties and resistance to swelling by organic solvents and monomers. A microfluidic device based on PFPE was fabricated and tested by using different solvents, thus proving its potential in the field of microfluidics [104] .
In its most often encountered form, microcontact printing (lCP), a soft lithography technique [105, 106] , transfers molecules from a patterned PDMS stamp to a substrate by the formation of metal-thiol coordination bonds (Fig. 9) [100, 107, 108] for the fabrication of self-assembled monolayers (SAMs) of alkanethiols on gold and silver surfaces. In this process, an elastomeric PDMS stamp inked with an appropriate solution of an alkanethiol, is brought into contact with the surface of a substrate to transfer the ink molecules to those regions of the substrate that contact the stamp. The flexibility of the PDMS stamp and the conformal contact between the stamp and the surface of the substrate are both advantageous for printing over large areas and on curved surfaces. The patterned SAMs can be used either as resists in selective wet etching [108] or as templates [109, 110] in selective deposition to form patterned structures of a variety of materials: metals, silicon, organic polymers [9, 111] .
High aspect ratio (HAR) patterns were obtained by direct casting of PDMS onto a mold prepared by using an excimer laser perforating into wax films coated on glass or metal. Micro-hairs of PDMS (post dimensions of 30 lm) were manufactured with aspect ratios of up to 20 (Fig. 8a) [112] . However, thinner size posts obtained were curved in spirals due to capillary effects and air being trapped in the holes. X-ray LIGA (a German acronym for lithography, electroplating, and molding) molds have also been used to fabricate HAR structures from PDMS with an aspect ratio of 15 [113] . The low Young's modulus of PDMS limits its use in HAR patterning of submicrometer structures. Soft elastomeric features are affected by gravity, adhesion, and capillary forces and may collapse, generating defects in the pattern formed [9] . To improve the mechanical stability of elastomeric stamps, alternative materials have been proposed such as composite PDMS [114] , UV-curable PDMS [115] and photocurable fluorinated organic-inorganic hybrids [116] .
Soft molding includes the patterning techniques based on flexible PDMS stamps and has some advantages over molding with hard masters. The demolding step is facilitated by the elasticity and low surface energy of PDMS which also gives the possibility to replicate the size and shape of the features present on the mold by mechanical deformation. Multiple PDMS molds can be inexpensively fabricated from a single master [117] .
Various molding processes are available depending on the material to be molded by PDMS and the hardening mechanism. One of these is solvent-assisted micro-molding where the polymer solution is drawn into the cavities of the PDMS mold by capillary forces (Fig. 3e) . The others are mainly UV molding of polymer films and micromolding in capillaries (MIMIC) [1, 117] .
Soft lithography is relatively cheap and flexible and allows one to control surface chemistry which can be modified by plasma treatment and reaction with organosilanes. This makes the technique very useful when complex organic functional groups are needed in chemistry, biology or biochemistry. Replication of 3D structures is possible because of the softness and elasticity of PDMS. Structures created with an acrylic polymer using multiphoton absorption polymerization (MAP) were replicated by microtransfer molding using a PDMS stamp (Fig. 8b and c) . It is not possible to use microtransfer molding to replicate every structure generated by the MAP technique but careful study of the effects of peeling rate and angle of PDMS stamp removal could presumably increase the range of structures that can be replicated reproducibly [118] .
Colloidal lithography
Colloidal lithography uses particles which are an attractive tool for nanofabrication due to their ability to selforganize. The self-assembled particles have been used in the fabrication of nanopatterns and lithographic masks. Colloidal lithography is inexpensive, inherently parallel, high-throughput, and has a high materials versatility. It is capable of producing well-ordered, 2D-3D periodic arrays of nanoparticles from a variety of materials on many substrates. Three dimensional layers are of interest for photonic applications, whereas two-dimensional layers are used as etch or lithographic masks [119] .
Synthetic methods to prepare colloidal particles
Even though a broad range of colloidal particles is now available commercially, it may still be necessary to produce colloidal particles of desired sizes and compositions.
Various polymerization methods such as emulsion, dispersion, precipitation and suspension polymerization can be used to synthesize polymer colloidal particles [120] . Polymer particles such as PS and PMMA are commonly synthesized by emulsion and dispersion polymerization. The particle sizes vary in the range of 0.05-10 lm depending on the reaction conditions. For emulsifier-free emulsion polymerization [121] , the reaction temperature and the monomer concentration are the most important factors that control the size of the particles. Increase of the temperature and a decrease of the monomer concentration give rise to a decrease of the particle size since the solubility of the monomer in the aqueous phase depends on the temperature, and the depletion time of the monomer varies with the monomer concentration. The seed polymerization method [122] can be used for monodisperse polymeric spheres larger than 1 lm in diameter. Larger polymer particles are produced by additional repeated polymerization onto the seed polymer latexes which broadens the polydispersity due to the repeated addition of the raw materials. A single-step dispersion polymerization is generally used as an alternative to produce larger particles. In dispersion polymerization, the reaction site is a monomer droplet stabilized by a smaller amount of surfactants and an initiator, which is soluble in oil and diffuses to the monomer droplets which act as a bulk polymerization reactor [119, 123] .
Stöber et al. [123] developed a technique to prepare inorganic oxide particles, for example silica particles, by using sol-gel chemistry. It is based on the hydrolysis and condensation of tetraethylorthosilicate (TEOS) in a mixture of alcohol, water and ammonia. Synthesis of inorganic particles is achieved following two steps which are nucleation and subsequent growth. To obtain monodisperse particles, these two steps should be separated such that the nuclei can be homogeneously generated without simultaneous growth. In general, the size and polydispersity of particles are related to many factors such as pH, the concentration of the catalyst, the composition of reagents, the type of solvent, and the reaction temperature, which all affect the rates of hydrolysis and condensation [124] .
The principles involved in the preparation of particles have been described [125] and it is now possible to obtain uniform metal oxides, halides, sulfides, selenides, phosphates, carbonates, etc. in different morphologies. Properties of these powders can be modified either by producing solids of internally mixed composition or by coating cores with shells of a different compound [125] .
Methods of colloidal crystal assembly
Dispersion stability and the crystallization of the colloidal dispersion are governed by interactions including Van der Waals forces, steric repulsion, and Coulombic repulsion. During the fabrication of colloidal templates or masks, the evaporation of solvent may induce self-assembly of the colloidal particles which makes capillary forces important in the arrangement of the particles [119, 126] . Fig. 10 shows the strategies for fabricating 2D colloidal arrays including dip-coating, floating on an interface, electrophoretic deposition, physical and chemical template-guided self-assembly, and spin-casting.
In dip-coating [127] , capillary forces and controlled evaporation induce self-organization of particles (Fig. 10a ). The quality of the self-organization is determined by the evaporation rate, which can be controlled by a step motor which helps to lift up the substrate from the colloidal suspension at a controlled rate such that the entire surface can be covered by domains.
Electrophoretic deposition [128, 129] of the particles employs electric fields to move the particles as shown in Fig. 10b . Particle assembly takes place inside a thin layer of a colloidal suspension sandwiched between conducting substrates such as indium tin oxide coated glass substrates followed by applying the electric field across the electrodes [40] . Electrophoretic movement not only accelerates the sedimentation speed of small colloidal particles but also guides the growth of a colloidal crystal over a large area in a controlled manner. Important prerequisites for successful electrophoretic particle deposition are that the particles possess an appreciable magnitude of surface charge to form stable suspensions and to insure a sufficient electrophoretic mobility [130] . The combination of patterned electrode templates with electric field driven assembly was shown to provide control over crystal packing and lattice orientation. Hexagonal and square type packing symmetries of 2D colloidal monolayers were obtained over large surfaces by using this so called graphoepitaxy method [129] .
Defect formation can be suppressed by template-assisted self-assembly of colloidal particles [131] . A chemically [132, 133] (Fig. 10d) or topographically [134] (Fig. 10c ) patterned substrate can be used for the selective deposition of colloidal particles. Physical templates based on relief structures patterned on the surfaces of solid substrates have been used by Xia et al. to produce a variety of structures including polygonal, polyhedral, spiral, and hybrid aggregates of spherical particles that are difficult to fabricate with other methods [134] . The structure of the aggregates was controlled by changing the shape and the dimensions of the template using conventional photolithography, which also prevented the production of templates with feature sizes smaller than 100 nm. Fig. 10e shows the assembly of a colloidal array floating on an interface. The quality and packing of the array at the interface can be controlled by changing the concentration of the particles or electrolytes, the particle size, the surface charge and the hydrophobicity of the particles [135, 136] . For example, silica colloids modified by silanizing the surface to enhance the hydrophobicity were self-assembled at an octane/water interface. A monolayer without variation in the layer thickness could be obtained, which is not possible for evaporation-induced self-assembly [137] . The Langmuir-Blodgett film technique can also be used to obtain such a uniform layer [138] .
Another way of preparing a colloidal array is by using spin-coating [139] . The colloidal particles organize themselves into a hexagonal array more rapidly due to the centrifugal forces (Fig. 10f) . The thickness of the particle layer is controlled by adjusting the particle loading and the spin speed. Spin-coating provides advantages for both scaling up and mass production since the process is rapid and compatible with wafer processing.
Nanopatterning with colloidal masks
Colloidal particles in a hexagonally packed array can be used as a mask so that deposition or etching proceeds through the interstices between the colloidal particles. Evaporation and sputtering into these interstices has been used to produce very thin films (<30 nm) of metals and inorganic oxides. The sputtered material can be chosen without any limitation, and the size, height, and number density of the metal dots can be controlled by simply adjusting the particle size and the sputtering conditions. The use of colloidal particle arrays as masks for metal sputtering or for etching substrates was pioneered by Deckman et al. and Fischer et al. [140, 141] . Duyne et al. [142] used single-or double-layered PS particles on various substrates as a mask for metal deposition as illustrated in Fig. 11 . As seen in Fig. 11a and b , a hexagonally ordered triangular array of metal dots formed from a single layer colloidal mask, and a spherical dot array with different unit lattices was fabricated from the double-layer mask ( Fig. 11c and d) . The reason for the formation of a spherical dot array is that when a second layer of nanospheres assembles onto the first, every other threefold hole is blocked, and a smaller density of sixfold interstices results as shown in Fig. 11c and d .
Colloidal arrays as masks have also been used for the nanofabrication of various organic and inorganic materials. The deposited materials, in some cases, can be used as seeds for the growth of other functional materials. For instance, carbon nanotubes were grown on nickel nanodots that were pre-deposited through a colloidal mask by using plasma-enhanced chemical vapor deposition (PECVD) (Fig. 12a) [143] . Zinc oxide nanorod arrays were also prepared using PS particles as a template for patterning gold catalyst particles and subsequent bottom-up growth in a tube furnace using chemical vapor deposition (Fig. 12b ) [144] . Similarly, an organic light-emiting nanodiode (OLED) array was fabricated by deposition of multilayers through the interstices of the particle array. This method does not cause any etching damage, as is sometimes encountered with conventional masking processes [145] . Patterning of ferromagnetic arrays was demonstrated over an area greater than 1 cm 2 without agglomeration of particles after metal evaporation which gave control over the diameter, aspect ratio, and pitch of the fabricated elements. Sputtered metal arrays can be used as etching masks to create surface topography. Silicon nanopillars with diameters as small as 40 nm and aspect ratios of up to 7 were fabricated by preparing an aluminum etch mask using a PS particle array (Fig. 12c) [146] . Large-area periodic silicon nanopillar arrays have been obtained after metal deposition, lift-off, and etching processes. By varying the etching parameters, such as mask materials and etching recipes, the size and the shape of silicon nanopillars can be modified, thus size and shape control of nanostructures can be achieved [146] .
The combination of colloidal lithography (CL) and alkanethiol self-assembly was used to create substrates with controlled surface topography and chemical composi- [143] . (b) ZnO nanorod arrays prepared using gold catalyst particles and subsequent bottom-up growth in a tube furnace using chemical vapor deposition [144] . (c) SEM image of silicon nanopillars fabricated by means of an aluminum etch mask obtained using a PS particle array [146] tion. Patterns exhibiting also chemical contrast allow one to investigate the interfacial interactions or adsorption behavior of biomolecules and nanoparticles. For example, Michel et al. created topographical contrast via colloidal patterning to design platforms for the attachment of targeted proteins [147] . Nanopillars of TiO 2 (50-90 nm in diameter, 20 nm in height) on oxidized silicon were fabricated by using colloidal lithography and were then rendered hydrophobic by the selective self-assembly of an organophosphate, whereas a poly(ethylene glycol)-grafted copolymer was adsorbed onto the surrounding SiO 2 , rendering it protein resistant. Further binding of streptavidin onto the organophosphate and immobilization of biotinylated liposomes to the streptavidin was accomplished successfully [147] .
Tan et al. [148] used particle arrays as a mask to fabricate a dome structure by reactive ion etching [40] which converts the spheres into nonspherical particles. Single and double layers of packed colloidal polystyrene microspheres of uniform size (diameter 1.2 lm) were spin-coated onto cleaned Si substrates, which were then exposed to CF 4 and O 2 plasma mixtures. Due to preferential etching in the direction normal to the surface of the substrate, the microspheres were reduced to a nonspherical form resembling a biconvex microlense.
Spherical colloidal particles can be utilized for preparing various types of porous materials that exhibit precisely controlled pore sizes and highly ordered 3D porous structures. After drying the colloidal array, the voids between the colloidal spheres are fully infiltrated with a liquid precursor such as an ultraviolet [19] or thermally curable organic prepolymer [125] , or an ordinary organic monomer (plus an initiator) [149] . Subsequent solidification of the precursor and removal of the colloidal spheres gives a 3D porous structure. Johnson et al. [149] prepared ordered mesoporous polymers by filling the pores in the colloidal crystals (silica spheres of 35 nm in diameter) with divinylbenzene (DVB), ethyleneglycol dimethacrylate (EDMA), or a mixture of the two. Polymerization and subsequent dissolution of the silica template left a polycrystalline network of interconnected pores. When mixtures of DVB and EDMA were used, the pore size of the polymer replicas varied continuously between 35 and 15 nm because the polymer shrinks when the silica template is removed [149] . Initiated chemical vapor deposition (iCVD) has also been used to produce grafted polymeric layers (Fig. 13 ) [150] . Patterns were generated for a broad range of materials including organic polymers (pBA, pHEMA), fluoropolymers (pPFDA, pPFM) and organosilicones. Since iCVD is a solvent-free process, it has many advantages compared to solution polymerization [150] .
In an another study, a new approach for fabricating porous structures on silicon substrates and on polymer surfaces, using colloidal particle arrays with a polymer mask of PFS, has been demonstrated [151] . Silica nanoparticles of different sizes were used as starting materials and PFS as an etch-resistant polymer to produce a negative replica of the nanoparticle array. The combination of techniques used in this process allows the fabrication of uniform, nanoporous, free standing PES membranes, which were further employed for filtration experiments.
Modification of colloidal masks
One of the disadvantages of the CL method is the limited control over the shape of the patterns, which is triangular or spherical. Adjustment of the deposition method and modification of the colloidal masks have been suggested to overcome this limitation [119] . The deposition method can be modified by tilted or rotated deposition through the as prepared colloidal mask. The angle between the deposition flow and the substrate normal can be controlled and a variety of structures (elongated triangles or double triangles) has been obtained by varying this angle. However, the shapes obtained are restricted by the mask shape [119] .
A more effective approach is to modify the colloidal particles by suitable post-treatment such as RIE, ion milling, or annealing. The deformation of polymeric beads such as PS and PMMA occurs above the glass transition temparature and this has been utilized to modify the colloidal mask for fabricating a gold disk array via CL. The size of the disk was adjusted by changing the annealing time, since polymeric particles spread over a wider distance with the annealing time (Fig. 14a-f) . Microwave heating can also be used to anneal the polymer particles which gives more precise control over the degree of annealing [152] . Kosiorek et al. produced particles with morphologies such as rings, rods, and dots by changing the mask morphology by temperature processing and varying the evaporation conditions [152] . The technique was shown to scale down the size of metallic nanoparticles from 200 to 30 nm, while preserving the original nanosphere spacing and order. It was shown that by temperature treatment it is easy to control the spaces between the spheres, and therefore the size of the particles deposited through the PS mask.
Meanwhile, RIE has been used to modify the colloidal mask by changing the size and the shape of the particles [153] . RIE has been employed to control the surface morphology and roughness and to enhance the surface hydrophilicity in polymeric and biological applications. RIE was used to fabricate polymeric nanofibrillar surfaces and patterned structures using colloidal single layers and double layers. Choi et al. have created well organized layers of nonspherical colloidal particles by using anisotropic RIE of the spherical polymer latexes that were stacked layerby-layer, with the top layer acting as a mask [154] . The Fig. 13 . Schematic process for producing polymeric nanostructures using CL. A hydroxylated substrate was treated with a vapor-phase silane coupling agent, which covalently attaches the vinyl groups to the substrate in the exposed regions of the colloidal mask. The polymer was grafted and the grafted film was sonicated to remove the colloidal template, leaving an array of bowl-shaped nanostructures. Reproduced with permission from [150] . Copyright Ó 2009 American Chemical Society.
shadowing effect from the upper layer of particles to the layers beneath resulted in nonspherically etched polymeric structures (Fig. 14g) . The resulting patterns and particle shapes were dependent on the crystal orientation relative to the substrate (Fig. 14h) , the number of colloidal layers, and the RIE conditions.
Pros and cons of the presented techniques and future prospects
Currently, photolithography is the most widely used technique in microelectronics due to its several advantages, such as full wafer processing and short exposure time (in the range of several seconds), implying a fast process. On the other hand, the main drawbacks of this technique are the limited resolution and the limited possibilities of working with pre-existing topography or curved substrates [1, 2] . A number of novel approaches to increase the resolution of the technique [155] have been developed but these result in increased operational costs. Extreme Ultraviolet Lithography (EUV) constitutes a highly promising development. EUV is an emerging technology, originally proposed in 1988, but its implementation has been postponed several times. At present, the 193 nm lithography constitutes the state of the art. Shorter wavelength lithography, or next generation lithography (NGL) uses shorter wavelength ultraviolet light (157 nm), EUV light (120-10 nm), X-ray (0.4 nm) and also includes electron and ion beam lithography [156] . As the 157 nm lithography is being abandoned, technologies based on 193 nm wavelengths will in time be replaced by technologies developed around 13.5 nm wavelengths, which necessitates major revisions in EUV resist technology, EUV aligners or printers, EUV masks, etc. Polymer resists are actively being developed for use in EUV lithography. High T g polycarbonates are one promising class of materials for use as resists, as they possess a sufficient sensitivity to EUV irradiation [157] . Other requirements are a high etch resistance to enable pattern transfer into silicon wafers. Patterning with EUV lithography has been demonstrated and features with critical dimensions below 30 nm at a half pitch of 50 nm were achieved. With further developments in polymer resist formulation and developer within sight, much can be expected from this lithography technology.
Fabrication of smaller scale patterns can be achieved by scanning beam lithographic techniques, such as electron beam and focused ion beam lithography. Electron beam lithography uses an electron beam to write in electron sensitive resists, and is widely used as a serial process. The diffraction effect is no longer a limiting factor for the resolution since the wavelength is much lower for electrons than that of photons with the same energy. The dose and the size of the beam have to be optimized by using high or low energy electron beams to minimize proximity effects that occur when the effective exposed area is larger than the beam size. The need for vacuum for operation and long processing time increase the cost of this technique.
Therefore, new methods which circumvent limitations due to either diffraction or high cost have emerged and are known as unconventional lithography e.g. molding, embossing, and printing. Unconventional nanofabrication techniques offer alternatives to photolithography and create opportunities for fabrication on nonplanar surfaces and over large areas. Among the lithography techniques, both thermal NIL and UV-NIL can offer several advantages such as nanometer-scale resolution and high througput with a low process cost. A stamp fabricated by EBL can be reused several times. In a thermal NIL process, since the resist is deformed by increasing the temperature and pressure, the throughput of the imprint process is limited and the lifetime of the imprint template is shortened. Moreover, thermal cycling causes problems in the stability and fidelity of the pattern transfer. The removal of the residual layer is another issue. Resists should possess a sufficiently high etch resistance but residual resist layers must be removable, for instance by exposure to RIE. This led to new generations of polymers with improved etch resistivity for thermal NIL. UV-NIL has some advantages over thermal NIL as being rapid and operational at room temperature with low pressure. UV-NIL does not require temperature cycling, leading to higher throughput than in thermal NIL, and the transparency of the template offers the possibility for convenient optical and high-precision alignment. UV-NIL uses a low-viscosity resist which also beneficially influences the imprint force and compression time. On the other hand, one of the difficulties is that the resolution is restricted by the mold pattern that is expensive to fabricate.
Recent work has shown further advancement in NIL resolution. Nanoimprint molds were fabricated using an electron-beam lithography process with a hydrogen silsesquioxane (HSQ) resist on silicon substrates. The HSQ patterns were directly used for nanoimprint or transferred into the underlying substrate to increase the aspect ratio of the patterns prior to imprint. The method could be used to create sub-10 nm feature sizes and sub-15 nm half-pitch arbitrary patterns in functional materials [158] . Novel developments in the nanoimprint process include wafer bowing, which allows the imprint force to be applied uniformly and systematically from center to edge, preventing air from being trapped. In this scheme the mechanical path between mold and wafer is shortened, which helps to preserve alignment during mold-wafer approach. Using the concept of wafer bowing, excellent overlay and resolution (<10 nm) were achieved [159] . These important developments increase the viability of nanoimprint lithography for manufacturing semiconductor devices [160, 161] .
Other unconventional lithography techniques such as soft lithography and nanosphere lithography have their own advantages and disadvantages. Soft lithography is an unconventional technique which can be applied to nonplanar surfaces, and allows the patterning of a range of materials. The material used for stamping is made of PDMS, which renders the process inexpensive. The use of an elastomeric mold rather than a rigid mold allows it to conform to nonplanarity in surface topography. Swelling of the mold, on the other hand, can cause distortion of the features. These issues have been addressed and the microcontact printing technique has seen spectacular improvements since its discovery by Whitesides and coworkers in 1993. A broad range of stamp materials has become available, allowing the use of a variety of polar and non-polar inks which in turn increased the applicability of the technique. Printing resolution has been improved significantly by developments in stamp materials and by the use of nondiffusive inks, which led to achievable resolutions in the sub-100 nm range. Along with various approaches aimed at minimizing ink spreading, such as replacing liquid inks by polymers, methods were developed that avoid the use of inks completely and instead rely on a catalytic reaction between the stamp and substrate [162] . An example of a highly successful, inkless printing approach is the use of a rigid, polyurethane-polyacrylate stamp capable of supporting high-resolution patterns, to which a chemical catalyst is bound covalently [163] . These exciting developments underscore the huge potential of the microcontact printing technique in all its variations for creating chemical, supramolecular and biomolecular patterns on hard and flexible surfaces in a highly costeffective way. Interestingly, microcontact printing can also be carried out with a cylindrical rolling stamp, in principle allowing the automated large area patterning of substrates with submicrometer features [164, 165] .
Nanosphere lithography (NSL) employs self-assembled single or double layers of particles as lithographic masks or templates to produce nanosized features of polymers and metals in a low cost and simple manner [166] [167] [168] . Complex equipment is not required to create patterns on the nanometer scale and the assembly of the particles is achieved readily by spin-coating or dip-coating. However, most studies on colloidal materials have been limited to spherical particles. A variety of methods have been developed to obtain non-spherical colloids, but few of them could generate monodispersed features. The formation of defects during colloidal assembly is another problem of the technique.
Novel polymeric resist materials, combined with selective structuring methodologies, enable the fabrication of patterns with ever smaller feature sizes. Highly promising approaches include probe-based nanolithography methods involving the local removal of resist polymer using atomic force microscopy (AFM) heated tips. Tip-based patterning methods such as local anodic oxidation, field-induced deposition of materials and the tip-induced modification or removal of thermomechanically responsive organic materials are established. The serial nature of tip-based patterning processes limits their efficiency, however, this issue has been overcome using multi-probe lithography techniques. A breakthrough in patterning efficiency was recently realized by employing self-amplified depolymerization polymers (SAD) as resists in probe-based nanolithography. Here, the thermally induced breaking of a single bond leads to spontaneous depolymerization of the entire chain. Using polyphthalaldehyde SAD polymers, two-dimensional nanoscale patterns could be written with high efficieny. Also, arbitrary three-dimensional patterns were created with about 40 nm lateral and 1 nm vertical resolution. The employed SAD polymer also possessed a high reactive ion etch resistance, allowing a direct pattern transfer into silicon substrates [169, 170] . The nm-precise fabrication of three-dimensional structures is highly valuable for creating e.g. nanoimprint lithography templates.
Conclusions
Conventional and unconvential techniques have enabled fabrication of 2D and 3D structures ranging from several tens of nanometers to micrometer scales. Historically, photolithography has been the dominant technique for replication despite its resolution limit. Photolithography continues to overcome obstacles to achieve new resolution limits which, however, increases the cost. The high cost of conventional equipment for nanofabrication paves the way for unconventional techniques. Unconventinal techniques for nanofabrication are being widely accepted and they are extensively explored for research purposes. Molding, embossing, and printing techniques provide higher resolution patterning with high througput at a lower cost. Despite all recent progress in patterning, each patterning method has its own specific strengths and advantages and cannot meet the requirements of all fabrication needs. In addition, the large-scale fabrication of surface patterns by using the reported methods still remains a big challenge. Combining different fabrication methods could help the future development of devices and their performances.
